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1. 
ABSTRACT 
The reduction of MnO fr-om a slag containing CaO: Si02 :A12o3: 
5:4:1, in those weight proportions, by carbon-saturated iron was 
studied to determine ~he rate controlling me·chanism of the reaction. 
An initial true reaction order of 1.77 was determined by differential 
methods using data from all four runs. Each separate run was found 
to fit second-order reversible kinetics for the first four to eight 
minutes by integral analysis. Time orders of 3.05 to 4.06 were found 
. - .. 
_; __ .C·.:- .c· --,---·-after the first ·ten minutes of the reaction and these orders appear-e<f 
' 
•· w ."l",.· 
., ... ! . ' 
p-: 
to vary with the initial MnO concentration. _ From this information, 
the reaction was divided into two stages. The first stage of the 
I 
reaction was .initially chemically controlled for the first few min-
utes of the reaction and then the reaction entered a transition 
region. The second stage of the reaction was.marked by the appear-
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The reduction of MnO from a slag containing Ca0:Si02:Al2o3 : 
5:4:1, in those weight proportions, by carbon-saturated iron was 
studied to determine the rate controlling mechanism of the reaction. 
An initial true reaction order of 1.77 was determined by differential 
methods using data from all four runs. Each separate run was found 
to fit second-order reversible kinetics for the first four to eight 
minutes by integral analysis. Time orders of 3.05 to 4.0·6 were found 
after. the first ten minutes of the reaction and these orders appeared 
to vary with the initial MnO concentration. From this information, 
the reaction was divided into two stages. The first stage of the 
reaction was initially chemically controlled for the first few min-
utes of the reaction and then the reaction entered a transition 
region. The second stage of the reaction was marked by the appear-
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The kinetics of slag-metal reactions had not been studied in 
any great detail until the last ten years. Up until this time, most 
work wa·s spent on determining steady-state requirements or the thermo-
dynamics of reaction sys terns. ·The advent of new technology such as 
vacuum degassing and Basic Oxygen Furnaces has placed a large emphasis 




k_inetics via_ proces~. _c_9:n tr~ol. M~ny industrial processes such as the· ,·. _4 , ~ 
.... - . . .. -· ..... -·· - .. - .. .. ----. - ···-· - ·-·--:-,--: . ., - -:--:-:,-- ~- :-·,·;-·.-- . -- -- -- .. 
- iron-making blast furnace are now being modeled mathemati~ally on com-· 
puters and any attempt to go berond an equilibrium model into a dynamic 
model must consider reaction kinetics. The kinetic aspects of a reac-
~-\ 
tion can also qualitatiyely give the \direction to proceed in constructing 
a mathematical model or designing a reactor for the process. 
This work studied the kinetics of reduction of MnO from a blast 
furnace-type slag by carbon dissolved in iron. 
for the reaction is given by Eq. I. 
The chemical equation· 
MnO(slag) + C(iron) -- CO (gas) + Mn (iron) 
This reaction occurs in the hearth region of the blast furnace where 
carbon is the principal reducing agent. Consideration should be given 
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''· 
'· ;: 
~~CC;CC-_._.,.,,•,, .. ,._.,,.,,,,,"'''-•"'~•.<-"•"•·•"•-N•-·· ,~o,U•~•·.~ ,~,,.-,,0~;,,_the-·' 'iron"··' pr'oduc t ,.,_is"• fretj,ie'ii tly "-'imp'cfrt'iirff.:'"•"•••rrr· ,.,fi.i't'tire-·trses""""c)'f''fne'"""'i""r•orr:~-··•·•--~--C < ' ,-~~· ~·~~- ',--,~ """'; 
-~----~------- -----~--~=-----==;.....c:.::.:...':=:::=·--,-=--===~~-~~:::---.... --··----:-·-·rt~ -should---- be noted----that -this reduction react~ion --involves -the-
evolution of CO gas which more-will_be said about later. ,,,. f, 
q, .. " 
In looking at heterogeneous reaction kinetics, the·r~action 
system under study should,first be examined qualitatively. One of the 
f·i~rst things to be determined is the physical contacting pattern which 
will determine whether or not the fluid dynamics of the system must be 
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-·;,.. -: 
steps and whether these steps occur in parallel or series • 
. 
Slag-metal systems in which the slag forms as an innniscible 
layer over a molten metal layer can be described as proceeding in three 
basic steps which occur in series. Therefore, any one step appreciably 
slower than the rest will control the reaction rate. 1) The reactants 
must come to the slag-metal interface by either convective or diffusive 
transport. 2) An interfacial reaction must occur which may.also be 
broken down into steps as will be described later. 3) The products 
must then be removed from the interface by convective or diffusive 
... • ,~!\'- ••. 
). transport. 
At the, high temperatures involved in iron·-making (around 1500°C), 
there are good reasons to believe that the rates of the chemical reac-
1 tions are infinitely fast compared to other possible controlling steps. 
If this were the case, then transport of reactants and products would 
be the likely rate-controlling aspect of the reaction. The chemical · 
reaction may still be the rate-controlling process in a reaction system 
' involving gas evolution if the rate of agitation of the slag and/or 
~ 
~etcµ were high enough. The stirring would eliminate tr·ansport as a 
'._____..' 
factor in the reaction. So a ~hird possibility arises in that as the 




from that of reaction control to transport control producing a transi-
~ 
tion region in which there is no overriding controlling mechanism. 
The MnO reduction reaction first studied by Tarby and Philbrook2 
- ~ . 
~: 
~- - - ----.----
·-----····"··"---~~~--"-·-.. ~.~~=-----'4'~--~·,-~,~-·-~is--a relatively fast reaction involving, considerable .. gas ·evolµtj.911, ..... _ -----·----,----, ..... ,c.:.-.. ··-··--·-· -~~--
, 3 . 
It was found, as did later work by Koncsics, that the reaction could 
..... --····--- - ----. -- - ·---·--· --· .•. --·------ .. - ,.._ ·-··-·---···----- .... ·--······-·- -
.. 
.•· 
be divided into two parts---with different orders of reaction. This 
type of behavior was also noted in 
'\'. 
~- ''-''In<, ..••.. •····••· ......... -
FeO from· slags by ca-rbon-saturated 
similar studies of the reduction of 
iron. 2 ' 4 · Therefore, these reactions 
·-.-------~~ may __ h_c1v-~ t1p.clE!rgone a trc1nsition ·from chemic·al reaction control to trans-
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4 . , 
Reaction Control 
Most kinetic studies usually begin by trying to find some rela-
tion between the species of interes·t and the reaction rate. For a reac-
tion such as given by Eq. 2, this is usually attempted by considering 
an expression in the form of Eq. 3. The sum of the exponents of the 
coneentration terms is the total order of the reaction or the reaction 
... 
may be said to be x order with respect to species A. 
aA + .bB + cC + • • · = products (2 
rate -
-
• • • (3· 
That this procedure is usually followed in trying to find a chemical 
. \ 
reaction control mechanism does not imply that reaction orders specify 
chemical control. A diffusion controlled reaction can show first order 
, 
kinetics. Integral orders of reaction (0,1,2, etc.) do offer some 
clues to the reaction mechanism if it is simple. 
The order of a reaction such as that given by Eq. 4 may be 
found by integrating the rate equation (Eq. 5) to obtain an expression 
as a function of time (Eq. 6). If the data are plotted as the left-hand 
side of Eq. 6 vs~ time and they fall on a straight line, the reaction 
may then be said to be first -order for this case. 
JJl· ·•· 

















A more general method for determining reaction orders and the 
one most fraught with error is the differential method. 5 Two different 
• ~.. r. 'f • 
:i .· j 
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reaction orders may be determined in this analysis, a true.reaction 
-~ order and a time reaction order. In this method, the logarithm of 
Eq. 3 is taken as follows: 
,. 
ln (-rate) -
- • • • (7 
The instantaneous initial reaction·order or the true order is found by 
measuring the initial slopes of several concentration vs. time curves 
(for different starting compositions) and the initial compositions. 
Equation 7 can then be solved for the true orders of each species by -
r • 
a regressi.on-type analysis. The time order is found in the same mann.er 
except that slopes an~ concentrations from one concentration vs. time ·· 
curve are used. Any d\~ference between the two orders is significant. 
"' ' 
A true reaction order 1~~ than the time order is an indication of 
the products of the reaction-interfering with and retarding the reac-
tion rate. The reverse case occurs with an autocatalytic reaction. 
The reaction orders determined do not indicate chemical or 
transport cQntrol specifically so other means must be used to deter-
mine which case is important. One method which has·been widely used 
to provide a qualitative answer is to vary the slag stirring rates and 
the reaction temperature. The effect of stirring the slag should be 
' small on a chemically-controlled reaction (provided that the surface 
area is not changed), whereas a transport-controlled reaction would be· 
speeded up with incr,eased stirring due to a decrease in the effective 
diffusion path. Varying the reaction temperature is not quite so 
obvious. Diffusion-controlled reactions are assumed to have lower 
activation energies than chemically-controlled reactions and hence, 
1 have· a smaller temperature dependency. However, since neith~r. of 
these energies are usually known unambiguiously, this argument is not 
very strong. A better means of establishing chemical control would 












. . . 
:- ·. 
'. 
··6· ·: . 
The chemical reaction model currently in vogue is adsorption 
for gas-solid and liquid-liquid reactions. Adsorption is the concentra-
tion of some species in the surface of a phase. In the case of slag-
metal systems, the dissociated species in the slag are assumed to combine 
into their molecular forms on the slag surface at the slag-metal inter- , 
\ 
r'~ 
face. The species then react with the other reactants dissolved in the 
iron phase while at these sites. The reaction products must then desorb 
~ ....• ,.\ 
from the slag surface sites and diffuse back into their respective bulk 
phases. There is some e·vidence of .. this phenomenon in the literature7 
re~arding molten FeO; tiowever, additional indepl~ndent data regar_ding 
adsorption are needed to verify the model. Because there were no such 
data in the literature for the system under study, no attempt was made 
to use this model. 
Transport Control 
There are two methods currently in use for describit:1g trc:1.nspoJ:"t 
control. One is the boundary layer theory and the· other is the surface 
renewal theory. The boundary layer theory assumes that there is a lami-
nar flow boundary layer at the slag-metal interface and turbulent fluid 
beyond. Calculations of the reaction rate are based on diffusion through 
this laminar boundary layer as the rate-controlling step. However, this 
boundary layer is not capable of direct measurement and there is little 
proof of its existence. 8 ' 9 Another fault of the boundary layer :is that 
it is not capable of predicting the course of a reaction!. priori. 
The boundary layer thickness determined experimentally is useful only 
under those conditions in which it was measured. Therefore, this 
-approach yields little in the way of understanding the mechanism of a 
reaction. The approach is useful in plant operations where an empiri-
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may be used with the measured mass transfer coefficient, h. 
The surface renewal approach is possibly more consistent with 
the physical situation. 8 This approach pictures a turbulent fluid ~hich 
continually brings small slugs of fresh fluid to the reaction interface 
where laminar flow prevails and the species diffuse to the interface. 
After some variable resident time, the slugs return to the bulk fluid 
to be remixed. Unfortunately, the distribution of surface residence 
times must be determined experimentally for each case. Tarby and Phil-
1
. 
brook f~und qualitative agreement of their data with this model though 
the distribution of surface residence times was not known. Because 
the model is in part based on the empirical surface residence time 
function, it is of little use in determining the mechanism of the reac-
tion or for predicting reaction rates for new and differ~nt conditions. 
Szekely has proposed a more realistic mathematical model for 
a bubble stirred slag-metal system based on the assumption that at 
iron-making temperatures all reactions are infinitely fast and mass 
transfer of reactants and products is the rate-limiting step in the 
reaction process. In deriving his model, a slag-metal system was pic-
.\ ... ,·neured in which the steady state concentration profiles of both reactants 
and products were established. A bubble rising from the bottom of the 
metal bath then completely disrupted the concentration profiles in both 
the iron and the slag to the extent that there were no gradients left in 
the vicinity of the path of the bubble. These concentration gradients 
were re-established by unsteady state diffusion. By averaging the 
instantaneous, unsteady state flux over the time period between succes-
sive rising bubbles, Szekely was able to compute an ave.rage flux for 
such a bubble stirred system. Assumptions made to use an analytica:·1 
solution to Fick's Second Law restrict the applicability of the solu-
" . 
tion to the situation in which the bulk-concentrations change little 
with time (semi-infinite medium) and the diffusivities are relatively 
constant. {The derivation of the appropriate equations for the system. 
l 
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I 
under study are shown in Appendix I.) This is the mass transfer model 
which will be used in this study since it was the closest to reality. 
In conclusion·,) it should be restated that kinetic research is 
important since it gives us an understanding of how important reactions 
proceed. The very first efforts are usually directed towards deter-
~ 
mining some expression, empirical or otherwise, for the reaction rate. 
This is done to provide mathematical models for industrial processes. 
Next the reaction mechanism should be determined to shed more light on 
the process and enable us to improve processes. The 
·: ·· · -·problem·· in heterogeneous Rinetit~s-· is· to determine· whether ·the ··reaction-
is chemically controlled, or transport controlled, or a combination of 
both. This is the problem to which this paper will now address itself. 
- .- - ···- : --·-·--- -•-- - ··-
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The experiments were carried out using a 10,000 cycle, 30KVA 
Ajax Magne·thermic induction furnace. Figure ·1 describes the actual 
furnace details. A fused silica cylinder was placed inside the induc-
tion coils which were housed in a transite box. This cylinder served 
to contain the CO gas which was used as the furnace atmosphere. A 
water-cooled brass top served to seal the cylinder and· contained fix-
. 
tures· for the gas lines and the st,opper rod assembly. The stopper pull 
· rod- came. up through the main sampling hole and was sealed_ with _a rub"."' 
ber stopper and held in place with springs as· shown. 
Spectrographic grade graphite was used in making the crucible 
assembly and stopper rod. Using two separate crucibles (Fig. 2) 
allowed the slag to be melted separately from the iron and, since both 
slag and iron were molten at the start of the experiment, an initial 
starting time could be unambiguously determined. Vent holes were 
placed in the metal crucible to prevent an explosion in case the 
stopper rod leaked. 
One atmosphere of carbon monoxide gas purified with Ascarite 
and Drierite was maintained in the furnace. This was done to keep the 
activity·of the gas at unity for the reaction. A side benefit of this 
atmosphere was that the slag crucible and stopper rod 6ould be repeatedly 
used since they were not attacked by the atmosphere or the slag. 
Temperatures were recorded with a platinum - 6% rhodium/platinum-
30% rhodium thermocouple inserted into the base of the crucible and 
connected to a recorder. The thermocouple and recorder were compared 
• 
"against a calibrated thermocouple and found to be about S.6°C toohigh 
at 1500°C. Temperature of the furnace was manually controlled and· 
. 
held at 1500°C, within± 5°C~ 
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5:lema tic Drawing of the Furnace 
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Operat_ing Procedure 
The slag components were weighed out· to give on a~ weight basis' 
the f o 11 owing ratio : Ca O: S i O 2 : A 12 0 3 : : 5 : 4 : 1 • ( A camp 1 e t e 
·'l:i.,sting of all materials used is given in ·Table I.) The slag cornpo-
ne'n.ts were_ .then mixed dry 
. c,harged was assumed- to go 
with. the ap:propriate MnO -a.dd.ition (the Mn02 
· . .. . .2 3-. 
rapidly to MnO at 1500°C ' ) .•· A :.to,t.al of 
151.0 g slag (in final form, i.e.· CaO and ~nb) and 600.0 g carbon-
sat~ra't~d iron were charged into their respective crucibles prior to 
each run. The stopper rod was sealed with a·small amount of refrac-
tory cement and th·e slag charge rarrnned into its crucible to .insure 
-·. . ... -
melting. 
.. 
-- . ·-· " --
At th~ beginning of the run, the two crucibles were pinned 
together with molybdenum pins and placed into the :furnace. The CO. 
ga_~ was t~rnec:l on and the furna-ee rapidly he-ated to above 1500°C tO· 
melt the slag and then stabilized at 1500°C for 5-10 minutes. A 
sample of the slag was taken by innnersing a 1/4"-diameter copper chill 
rod into the slag and withdrawing·approximately one gram of slag. The 
. . 
stopper rod was pulled after sampling and a clock ~imultaneously acti-
, 
vated to start the run. Sampling was continued in the, s.ame manner for 
' 
around one hour and approximately 10-15% of t:he initial· s.lag charge 
was removed during s.ampling. An iron sample ,was. taken at ·the 7nd of 
the run with 8: quartz tube syringe. A CO ga,s flow rate sufficient to 
flush the gas chamber once per minute was .maintained during the run. 
Chemical Analysis 
~ 
.... ·- -·· _,._, __ ... -... ··-·-.. -··-·- ----
··-· --·-- -·---·--····-·- .. ··---···--------··- .. _ ....... -.. ----·-··--··· . ·--- ·-···" ... 
The persulfate method w.as .,u.sed to analyze .,for manganese- in -e-he · 
12 
slag samples. (A complete description of-the analysis is shown in 
Appendix II.) Slag samples were first crushed to -100 mesh in a porce-
lain mortar and pestle and magnetically cleaned. The entire sample 
was then weighed into a beaker and dissolved in HCl acid.···-· After the 
. , 
·sample had completely 'dissolved, H-SO-----,-acid wa-s-,add~ed arid-th_e--beaker- --~-~.~~----:-
2 4 
'.:. , .. 
:,-····ll._ 
,, : ·:I. 





































I • • ~ 1 
i •• 
contents were fumed hard twice. The samples were then brought to 
volume and the Caso4 precipitate allowed to settle out. Samples were 
then aliquotted into erlynmeyer flasks and mixed acids along w~th AgN03 
were added. After cooling to room temperature, the samples were 
titrated with a sodium arsenite soluti·on standardized against a slag 
of known Mn content (British Standards 174/1 B.S.). In most cases, 
at least three titrations were made for each sample. 
Samples of iron tkken at the end of the experiment and slag 
~ 
samples for ferrous iron analysis were an~lyzed by the chemical analysis. 
branch at_ the Homer Research Labor a torie-s -of the Bethlehem·· Steel Corpora-
... 
tion. 
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Four experimental runs were made.at 1500°C, t 5°C and one· 
. atmosphere carbon monoxide gas. The data are given in Table II and 
are shown in Figure 3. The smooth curves in Figure 3 were arbitrarily 
drawn with French curves. FeO analysis was spot checked in two runs 
. 
(2 and 3) and these few values indicate that some side reaction with 
the iron did occur. No FeO was initiilly present in the Jlag. There 
was some difficulty in making a mass 1 balance at the end of the reac-
'I'" .. 
tion as the iron samples showed more manganese than was initially 
charged. 
Rea.ction Orclers 
First- and second-order integral reaction order expressions 
were used first on the data with no conclusive results reached. (See 
Appendix III for derivation of equations.) However, upon dropping t-he 
initial con~entration data point and using the first data point after 
starting the reaction, the data fit both expressions for the first 
four ·to eight minutes of the reaction. The results for the second-
order expression (Eq. 9) are shown in Table III and 
ln Xe - (2Xe - 1) X 
Xe - X 
-
2kl 
K ~nO • -t (9 
- -······----,. .... _ ..__ 
-- -·-······---··- ···----------
Figures 4-7. It was difficult to ascertain from the rate constants 
whether first- or second-order kinetics were the appropriate case. 
The rate constants varied roughly the same amount in both cases. The 
choice of second-order kinetics was based on the true reaction order 
which will be discussed later. It should be said that, in all cases, 
q 
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SECOND ORDER DATA 
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The method of starting the reaction was probably responsi~le 
for tne initial concentration data appearing inconsistent with the -
.rest of the data. Slag was dropped onto the metal to start the reac-
tion and there was probably a large slag-metal interfacial area present 
for a short time. This would result in an abnormally high reaction 
rate regardless of the reaction mechanism. Therefore, the dropping 
of the initial conc~ntration data was justifiable. 
The initial data were. retained in determining a true differen-
tial ··reac-tion· order cif 1.·77· from t:he initial slopes of the concentra-
tion vs. time· data (Fig. 8}. :'A constant carbon concentration made it 
possible to use the slope of the curve in Figure 8 as the reaction 
order (Appendix IV)~\ When the large amount of error involved in 
··'./ 
" determining the initial slopes is considered, there is probably not 
much difference between using the initial data points or the $econd 
data points. The true order determination must be made at the very 
beginning of the reaction before the products of the reaction can 
interfere. The integral second-order data and the true order of 
1.·77 also support each other. 
The data in each of the four runs were analyzed for their 
respective differential time ··orders. Linear portions of the curves 
(Fig. 9-12) whose slopes corresponded to the order could be found, 
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' . 
(except for Run 3) as shown in Table IV. These linear portions of ~ 
----- - -- .. ~. ·-. ··-- -l 
the differential data which seem to delineate a second stage of 
the ·reaction all start at around the same reaccion rate as shown 
by the dashed lines in Figures 9-12. A comparison of the true and 
time orders shows tha_t _th~_ react_ion __ r_ate ____ Ls __ fal 1 ing off faster than 
·----~---- ·-- ---- -- - ----- ------- --·· . 
predicted and thus the products of the reaction are retarding the 
reaction rate. 
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TIME ORDER DATA 
RUN 2 
c - . 
.. ' . '-.. ' 
-, 
\ 








1 0.875 1.125 1.375 1.625 1.875 2.125 
Ln (CONCENTRATl~ON) 
.FIG-: ::1:'m·E· -- : -9_ --- ·-





















































TIME ORDER DAT A 
RUN 3 




lO -,..----...----a111a111...----.... ----..... ------
I 0.50 0.75 · 1.00 1.25 1.50 1.75 
Ln (CONCENTRATION) . 
. ' 












. . -.. ;- .- -












- .. , 
•: •, _. . .. 
































lrl_..----...... ~----... ----.... -----...-i-----. 
I 1.00 1.25 1.50 1.75 2.00 2.25 
Ln {CONCENTRATION) 
•. 





• '> ·, • ..• J ·a·, •: • 
. '· ~ 
.... ... 




















































,2: .. :5"' 
•., 
' . -· ,... . . 
• -,~ ... , .. ,_._._,,.~"·'=•-~~~-••·•··• - •·,-""'--~.,~-,e ~~""'"--·.h-•·•''"·-•·<•-• ,.,. ., ,• , -•, ,·, ,--- •• •- • •" . 
I' 
. ' 
- - : ·~ • • • . ·,: :'. ··!«• • .. 
0 








. - --. ---- ·o -- -.... 
0 
-- . _____ --- -- --- __ ._ ---• -- . - ·-- ---· ·---· ·- .... 
.•.. 
1.25 1.50 






' . . 
• • I ' - • ;: ·,' ', H-~·-r'·.,' 




' ( •.. -. .............. .. 
0 
·-. ·.· . . . 
--,~·-··--·- --- ~- .. . . ---77· ·-· ·-·------ . ----- _____ -:::::-=::. _____ -·-;:;::=._-=-=-----=--··------=-----==-· -- - -
Mass Transfer Model 
Szekely'smass transfer model was used as the next approach • 
. 
As.mentioned earlier, this approach was essentially a model of the 
open hearth furnace in which CO bubbles nucleated on the hearth floor 
rose up through the iron and slag. These bubbles, if there are 
enough of them, are very efficient in stirring the system. He 
assumed that the reaction was controlled by diffusion which could be 
described by the following equation (Appendix I): 
.. 




+ erfc z (10 
Using the proper boundary conditions, Szekely derived an analytical 
expression for the flux of the sp~cies of interest. The equation 





















DMn D ~ 
-
Mn~ 
CMnO - cc DC DMnO 
- - -
-
CMnO cc - KCCO CMn 
The equations were derived for the reaction given by equation 1. 
(lla 
(llh' , .: . ' 
· ..... '. •' 
(llc 
Since the· flux was derived fo~ .conditi6ns of constant bulk 
-I . 
concentration and diffusivity, data from Run 5 were treated as indi-
vidual cases and the observed flux was compared against the flux 
calculated by the model. The results are shown· in Table V. Observed 
. ' 
' .. . . 
.• 
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fluxes· were obtained through the slopes to the concentration vs. time 
curve (calculated by least squares) and a constant slag-metal inter-
facial area was assumed. Considering that a constant ya_!u~ ___ Qf __ t_he _ 
-·----~-- -~----- ---~-.---~' --- -- -- -- - --- . -- ------~ ------i------------ --·· - ------;---..... ------:>.-----~ ... - ----~---
' . " 
. ~" --. ··.-
diffusivity of the MnO in the slag had to be assumed, the results in 
Table ·V show good agreement. 
The first results of the data without any further discussion 
:sh:ow that the reaction has an initial order of around two. A consis-
·t:·ei1t time order was not found for the second stage of the reaction, 
but time orders varying fr0m 3.05 to 4.06, depending on the initial 
~lag :toncentration, were found. It can be said that the produdts of 
.. ~ 
the reaction interfere with the reaction rate from a comparison of 
the true and time orders. The reaction could also be broken into 
two stages by the time order differential data. The first stage 
consisted of a region with an initial order of about two which degen-
.-, 
erated into a second stage with a reaction order of from three to four. 
--
Fina 11 y, it was found that a mass transfer model 9.1.Ch as Szeke.ly's could 
predict the observed reaction rates. 
'.!':' 
. -.! 
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In the first few minutes of the reaction, a reversible second-
order kinetic expression appeared to fit the data for each of all four 
r:uns. A true differential order of 1. 77 was found using_ data from a11 · 
four runs. Considering the accuracy involved in measuring the true 
initial order, the initial order of the reaction is considered to be 
second order with respect t? MnO in the slag. It should be noted that 
this stage involves considerable slag agitation (visually observed) 
" 
du·e to gas evolution and a large range of initial MnO concentrations 
in the slag was employed. 
An argument for chemical reaction control can be qualitatively 
stated in the absence of more exhaus.tive data. The transport or diffu-
sion- path should be extremely small in the slag due to the gas induced 
. - • - -----,.,- .. J •... ··-·,·-,-·--·"--·-~---·····--~-
agitation. The extent to which the metal was agitated was not known; 
however, pieces and bubbles of iron were found in the slag· samples. 
Therefore, the effect of diffusion in the iron and slag in this stage 
should be small. Another indication of a chemical mechanism is the 
I 
absence of any in~luence of concentration and/or physical properties 
of the slag on the reaction kinetics. All of this supports the earlier 
hypothesis that, if the rate of stirring is increased to some point 
where diffusion is no longer important, then the rate of the chemical 
transfer of the species betwee~ the_slag and the metal should be the 
-
important step in the overall reaction. The difference in rate 
behavior between the first and second stages seems to bear this idea 
out. 
Second Stage 
The reaction orders in the second stage vary with concentration 
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.... .,_ 
the first stage of the reaction. Also, from the discrepancy between 
the differential true order and the ·differential· time reaction orders, 
it is known that the products of the reaction are inhibiting the 
reaction rate. It would appear then that the rate is affected by 
factors influenced by slag composition and physical properties. Tarby 
and Philbrook also found an influence of composition on the activation 
energy of the process. 
A mass transport,~~;rpe argument may best describe the observed 
~ 
data. It does not seem unreasonable to expect the .diffusion coeffi-
cients pf the various species in the slag to vary with slag composition. 
Al though little is known about diffusion in slags, it is known that 
cha-nging the concentration of MnO in the slag will affect the slag 
·vi-scos·ity. 13 Theory of diffusion in liquids tells us that the diffu-
sivity of a species in a liquid is inversely proportional to the 
viscosity of the liquid. 14 Therefore, it should not be unreasonable 
/f> 
to expect the reaction kinetics to change with the initial MnO concen-
t·ration~ It was found that larger values of DMnO would increase the 
numerical value of the reaction order through use of the mass transfer 
model. The mass transfer model can therefore explain the change in 
time reaction orders with concentration. The mass transport concept 
should also explain the observed variation in the activation energies 
' 
'by considering that different slags (with different physical-properties) 
should have different activation energies for diffusion. 
·· The available data cannot give much iri.forriia tion on which com-
ponent is the slowest diffusing species. One could argue that, since 
-the slag composition had such an important effect on t_he reaction, com-
ponen~s dissolved in the slag. are most important. On the other hand, 
it is probably true that- the metal was not as thoroughly stirred as 
the slag and hence those species dissolved in the metal are th·e slowest 
moving. And then perhaps .. there is no one" species moving -appreciaqly 
' 




-~-- --.·" -~~--· - ---~---



















,· .... ,•, . ' . . . " .. . •, 






-- ·--'---~-~----- -------- - . -- .. -.~,~-- .. -~~·~ ........ "'"'·:··~ .......... '-· ... :'"'--'"":~.- ...... 
j 
:30 
manganese in the metal away from the.slag-metal interface or nucleation 
of·CO bubbles is the rate limiting step since it is known that the pro-
. . 
ducts .of the reaction are retarding the reaction rate. 
The reaction can now be pictured as occurring in·two stages. 
In the first stage, the overall reaction is probably-controlled by an 
interfacial chemical reaction in the very first few minutes. Then as 
the reaction proceeds and the rate of gas induced stirring subsides, 
the reaction passes through a transition region of mixed control into 
the second stage (around 10-15 minutes after the start of the reaction) 
which is transport controlled. Throughout the reaction, the rate of 
:tbe reaction exerts an effect on itself through the stirring mechanism. 
Szekely's model is cap.able of handling this effect and showing that a 
ch:ange in the diffusivity of MnO results in a change in the reaction 
r~te (due both to increased reaction rate and increased stirring rate) 
and henc~ a change in the reaction order. Therefore, it is felt that 
--.- -~---------·- ----- ·-- --- - -·····- -·--···-·····--·--·-·-·-·----
this reaction indeed exhibits the transition of chemical to transport 
control predicted in the introduction.-
-· r·-=..: ~ 
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CONCLUSIONS 
Th~ results of the investigation are sunnnarized as follows: 
1. The reaction may be divided into two stages. 
2., The first stage of the reaction spans the period from the start 
of the reaction to the time (approximately 10-15 minutes) when 
a differential time order for the reaction appears. T·his s_tage 
has a reaction order of approximately two for the first four to 
eight minutes. It is felt that the reaction is chemically con-
trolled during these four to eight minutes and then it enters a 
transition region between chemical and transport control. 
3. The second stage starts at the time when a differential time 
reaction order may be determined. This stage is controlled by 
the transport of products and/or reactants. 
,4... The difference between the differential true and time orders 


















MATERIALS USED IN PROJECT 
Material Source Grade Purity % 
CaC03 J. T. Baker Reagent 99.6 
<II' s ·o ___ , ___ Fisher -.1-.. 2·· 
Al--.0: 
- 2- 3 J. T. Baker Reagent 99.3 
Mr102 J:. T. Baker Reagent 99.9 
Crucibles Ultra Carbon Spectrographic 4 ppm 
co gas Air Products 99.5 
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W P Fe++ t. ct. 
0.30 
.' . 
- --'•- _,_ ~---.--. -- -
. ·---- ~------ -----~·--.--·- ---- .. 
0.21 
'· 
--i' - '':""-:!' • ,;: 
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TABLE II (Continued) 
\ 
RUN 3 
Wt. Pct. Mn 
., .. _ .. ,. I '•. 
' 
i_: " 



















.• - ~- ,->., 
0.31 
--0.24 
····- -··-·- -···- - -·- .. -- - . ---------· -- ··-·--· ·-. --- ·-- -~-
,. 
• 
'. -----· ... ~., 
.... · .. -- · ..• 
• 
. . ..• - . ··:.-.~, - -· 




. , . 




Time (Min) Wt. Pct. Mn 
o.o 9.26 '~ ' 






l 4.0 6.45 ~ i ! 
' 
5 .167. 6~ 3-4 I ·' l ·- -- " ~ ~ 
~ 
' < 7· ·5: 5 89 ~ ( ,, • j • 
' 
·.-L,_ ,• .. 
.' 




40.0 3. 71 
·--- --·--- ---
-- --· .~,-~- . 
·---- - - ···- ---
50.0 3.56 
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TABLE II (Continued) 
RUN 5 
-, 
Time (Min) Wt. Pct. Mn 
--:: ·1 :·· _.•..:,...._ 
0.0 4. 64 
0.5- 3.80 
1 • 0 3.62 
1.5 3.42 









) ""•• • .r .,• 
"'• ' f -
50.0 1.48 
-. 60.0 1.38 
, 






.·. : . 
---·---·~---------.... ...........-...- .•.. ~ .. . . .· ... :- .·--.~. -. -·. ~------- . ;....,..__.,. ·L· .. -··-.. -.-.. -------·-•-· ·- -- - -~----- ---- -- - -------
• •·, 
-r- ., 
TABLE III - - ·'..., .. ·~ - -· - ~- .. -. - . - - -- ... . -
INTEGRAL SECOND ORDER DATA . . -- -- - --- -.-·. '<·--·· .,... .. ----- . ----~-- .......... -~ . 
'· 
RUN 2 
. ~' .. 2nd Order 
Time (Min) Wt. Pct. Mn Expression 11.L! 
o.o 5.51 0.0000 
1.0 5.18 o. 00742 · 2. 64 
-· ... -- -
,_ ,; 2.0 "'!'- 5.16 0.00790 · 1.40 ~ 
3.0 4. 97 o. 01265 1.50 
4.0 4. 82 0.01666 ·~ 1.48 
6.5 4. 5·3 0.02515 1.38 
-··-· 
,, 
9.0 4.40 0.02937 1.16, ,. 
o.o 4.77 0.0000 
---~--.. --. 
-
0.5 4.35 ·" 0.00889 0.731 
-· 1.0 4.21 0.01224 0.510 
1.5 - 4.04 o. 01663 0.457 
2.5 3.80 0.02350 0.387 
3.75 3. 64 o. 02858 
-- _ 0.314 
5.5 3.51 0.03305 0.248 
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TABLE III {Continued) · 
- --
- RUN 4 
- 2nd Order 
Wt. Pct. Mn Expression 
7.06 0.0000 




5.08 o. 03931 
- RUN 5 
3·.80 0.0000 
3.62 0.00458 




2. 71 0.03703 
2.34 0.05745 
:· ;...,r, 
~ " .. 
.:, . . / 
.b·: .. . 
" . 
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. TABLE V 
-COMPARISON OF FLUXES PREDICTED BY 
~- ~ 
SZEKELY' S MODEL WITH THE OBSERVED FLUXES 
Wt. Pct. Mn Observed Flux 
Time (Min) • Slag Moles/ (cm2-Min) in 
o.o 4. 64 9.77 X 10-4 
, .. o .• 5 . 3 .·so. -4 ' - ' .. ,. .- .. 6. 7 6 X _l Q . . ,~ . . ' . . 
1.0 3. 62 4.32 X 10-4 
1.5 3.42 2.46 X 10-4 
2.5 3.27 1.55 X 10-4 ~ 
3.583 3. 03 1.13 X 10-4 
;, ! 
10-4 4. 583 2. 87 1.01 X 
6.50 2.71 8.07 X 10·5 
10.167. 2.34 5.21,x 10-5 
15.0 2. 09 3. 76 X 10-5 
20. _Q_ 1.92 2. 67 X 10-5 
30.0 1. 63 1.12 X 10-s 
50.0 1.48 4.48 X 10-6 
--





- ·--'-. ,,. - -:. - ... - I, • ~'! • ~-
·' 
~:.; •. :i." 
.. ',. 
·-· 







1.08 X 10-3 
7 .3.0 X·· 10 -4 
5.55 X 10-4 
3. 94 X · 10 -4 
2. 99 X 10-4 
2.36 X 10-4 
2 .10 X 10·4 
1.77 X 10-4 
1.22 X 10-4 
9 .19 X . -5 10 , 
7 .07 X 10-5 -
3 .84 X 10-5 
2 .18 X 10-5 
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The following instantaneous reaction is assumed to take place 
,, 







· · · · (s·la:g) + B (metal) -+ C +- ·., (metal) + D . (gas) 
+ CX) 




For the following differential equation and boundary conditions, 
7 12 following solution has been assumed' : 
o2ci aC. D. 1 -. 
l oX2 . ! at 
1 
where ~i ~ diffusivity of species i 
·C .• 






- bulk concentration 
The boundary conditions f.or Eq. 1 are: 
-C. - C at t - 0 
-• l. 1 

























. ·-- --~·· ~~~= ·,;·, .. -<: .. · .. ·. __ -_· __ , .. .:,t:.·'." .·: .-.. ·--- ... ; 
oCA 
ax 













I' . . 
X 
2~ 1· 
The following conditions are assumed for the above reaction:· 
-
-
K at X = 0 (4 
DB 
aCB 
+ D ,. 
~cc 
0 . (S·. - - at X = - - - .. . ax oX .c 
(Species Dis not included in the above expressiori since it 
I 
is a gas.) 
Substitution of Eq. 3 into Eq. 4 gives: 
- -(CA + AA) (CB + AB) 
(Cc + Ac_) (t:'o) = K {at X = 0.) (6 
Differentiating Eq. 3 for the flux, dne :ge:t:s f:or Eq. 5: 
2 DA AA 2 X 
- exp - - • • • • m -2V'D;f 2~ 
Setting x = 0 simplifies the above equation: 
= ~c v'~ (7 
Substitution of Eq. 7 in Eq. 6 yiel~s: 
D· DC 
- C -(CA + AC ) (CB ) DA 
~B J< (8 -




.... . -- . -· - - ~-·~ -····-
:., .. 
,. ' 
' : :· 
' 
·., 
.,.....,..,;,.~m,--.,~i--:..-:-::~6,,.-,~\".:""7"':.:··:';:;-"7.~Y.':':~~7:':-:};:..::-.1;;;·_,,1,~ ........ ~~-,.;:,.~..,...;.;.:,f:i--'--~'j~:;,~=-:..:;;.;:;t;,;l·/f,:;~;;.;.....:~, •• ;;.,.:!:.....;.~:~ 
. , . 
;:n".' 
•. t•'·. :.~·· • 
. --- .~--. ---~~-:p.~ 




Expanding"Eq. 8 yields: 
n· DC 
- A2 DC - - - , C -. CACB + AC [ C 
- CA -] -
ynAnB -B DA DB C 
--
-- -KCCCD + KACCD (9 
.. • 
-A2 DC - DC - DC - : ,•::/~·-: (· ) ·A ( ) ~ 
... 
+ ·c CA KCD + 
·-
1/D~'rJB - - - -C •. C B DA DB 
- - ~ -
\ 
S·olving Eq. 10 by the quadratic formula yields: 
• 
-






- )2 DC - - - - i~ [ ( CB - KC +4 ( CA CB - KCCCD ) - - C 







~\ ]2 ' /~ - - - -- --( KCD + CA CB ) + ·( ·C C 
-_KCCCD ) } (11 - -DB DA DC A B 
. ·- .. 
\ 
' '·-· . 
... 
,: ..-'. 
_, ____ ;,.4;' 




































+ CA CB ) (1 la \ . - - -DB DA 
- - ' 
- KCCCD ) ·!~ (l lb 
+ X Q' V Q'2 J erfc - + 4~ :li'Dct ... ,v .. --- (12 
0 
- .: .. -.. ' 
. (instantaneous flux). (13 
Differentiatin.g .. Eq. 12. and substi,tuting into Eq. 13 yields: 
2 AC X 2 t N.,·. (t) - DC [ 1: 2Vnct exp - ( Nnct ) ] 
..... : 
-yrr 2 ~-.. C· .. 
AC DC 
a-t· o· (14 - x· ·-- ... : 2 . .· nt 
NC= te 
1 te - N (t) d:t C .. , (15 
0 
The average flux is the average of the instantaneous fluxes 
over -the period between su_cce$sive rising bubbles~ 
1 
· ·· te AC DC AC DC te dt -
NC - dt - - -- - -te 2 TTt 2te n ·yr 0 0 
-N·. = - A 



























~-- ·:>';.·. 45 
Using Eq. 5 at x = 0, the following relation between AA and 
., ... _ ' 
~- A may be obtained: 























. ,, . (17 
exp -
(18 
Since Eq. 18 and 14 are the same, the flux can be written as: 
- (19 
•. 
MnO + C -+ Mn + CO 
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SAMPLE CALCUIATIONS ·· 
' . 
w/o · (MnO . )(slag wt) 
X 
(slag density) 
(slag wt) . 100 (M.W .MnO) 
r·· ____ ....... ~ 
·(0.165%) (151. OgJ (2. 79 3 at - X g/cm) - (100) (70. 9). (151g) equilibrium d 
6.50 10-5 mole I • X 3 
cm i· 




--~ •:.. ' ' 
(The Mn-MnO equilibrium values were determined from W. 0. Phil-
















(1773 °K) (22,400 cm 
mole 
(6.50 X 10-5}(2.94 X 10-2} 
(1.38 X 10-3) (6. 90 X 10- 6 ) 







· w/o (Mn /min) (slag wt) 
100(54. 9 t ) X (22400 mole) 1773°K) (273°K) (bubble vol) 
bubble vol 4 3 = - rrr 3 
4 
= - TT 3 
mo e 
( 2.54 cm/in)= 2_62 x 10-4 64 1/in 












'. ~. -,: .. 
·, 
........ -.-.. , ... :, 
. t ·,. . 
... 
'· 
bath cross sectional area= rr [ (1.375)(2.54) ] 2 = 38.0 cm2 
te = time between successive rising bubbles= 
I 
(bath x-s area) 
{bubble rate) (bubble x-s area) 
.A:t 6·. 5 minutes into Run 5: 
= 6 x 10-S cm2/~in 
= 1.77 x 10-2 cm2/min 
= 5.04x 10-3 cm2/min, 
-
3 7.68 X 10 
bubble rate 
;, -
N = [(6.0 X 10-5)(1.77 X 10-2)]~ (20·1.0(6.90 X 10-6) - 1·0-2) 
'-' (5.04 X l0-3) [ (2.94 X 
s = 
-3 1 ( 5.04x 10 )~ + 
6.0 X 10-5 j 
3 5 04 10-3 1 ( - ) ( • X )~ ] 1.38 X 10 = 
1.77 X 10-2 
5.452 X 10- 2 
[ (6. 0 X _10.5) (1. 77 X 10-2 )]~ 3 2 
-3 [, (1.38 X 10- )(2.94 X 10- ) -
(5. 04 X 10 ) 
-6 8 .115 X 10 




D ' 4-------- -3 ~ . Mn = 2._.9._6:9· x 10- [ 5.04 ~ 10 ]2 =1.77 x 10-4 moles 
nte O rr (1. 7 0 x · 106) --------------·-----·------------------ cm 2 min 
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APPENDIX II 
CHEMICAL ANALYSIS ·PROCEDURE OF SLAGS FOR MANGANESE 
1. Crush sample to -1.00 mesh and then-magnetically. clean the. sample 
(without water). 
• 
2. Weigh sample into a 600 ml beaker. Most sample weights were 
) 
' 
_b 1etween one and two ·grams. 
:3.·. Dissolve the sample in 30-60 ml boiling 1: 1 HCL and 5 ml HN03 • 
4.. Add 20 ml 1: 1 H2so4 after the· sample has c~pletely dissolved 
and fume down to approximately 20 ml volume twice. (HF acid was 
used in amounts just sufficient to dissolve any silicates.) 
5. Dilute beaker contents to approximately 100 ml and slowly reheat 
to dissolve Caso4 • 
6. Cool beaker and bring to volume in a 250 ml volumetric flask 
and allow precipitate to settle' out. 
:]: .• Aliquot an amount equiva.lent ~ 5 mg Mn into a 500 ml erlynmeyer 
· flask. . . 
. . 
Add 20 ml mixed acids (100 ml H2so4 , 125 ml H3Po4 , 250 ml HN03 , 
and 525 ml ~O) and 10 ml of AgN03 solution (Bg/100 ml) and bring 
flask to approximately 150 ml and then boil. 
·9. · Add· 10 ml of ammonium ''persulfate solut·iori (250 · g/1000 ml) and boil 
L ....... .. 
for 75 seconds • 
• 'I. 
.. 







-····------ ---- - -·· -~---~-~·"· ,..,_-:"•.,"•:-•···· - . ; 
·'· 
• 
.:;· 49 . 
-~ 
10. Cool fla~k to room temperature and titrate with sodium arsenite 
solution (0.05%). (The arsenite solution is standardized against 
a known slag sample using the above procedure.) 
.. t 
- . - - - -· - - ---- - --
.. 
. _..:. 
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The following equation was assumed: 
' J • 
2A 
. ·~· 
Wr.iti~g. the. -rate -equa-tion -produces:· 
dCA 2 2 
= k C - k C dt 1 A 2 R 
r·f ·C = 0 : 
.. R 
. 0 
The equilibrium expression may be written as follows: 
x2 c2 • )2 




. - ~~ ----~~ :-:-- --·--k~ 
c2 )2 )2 (1-X (1 XA 2 - "!a, A A 
0 e e 
. ...._ ...... ·--·:,··----· . .-..;..., ',,-·.:-- ... : ·--··,-w.,;-..; .. ~;._;: __ .:., ... · • .: .. ...: . ____ , 
·- _____ L_ __ ---- ~ __ ,_} _____ .. ··" -. --··The rat·e expression· is ·now tewritte·n -fil ·terms of XA: · 
0 
---- -· - . __ -- --- _._ ·- ,--~- - .. - . 
. . 
. . 4 
...... 











---- .... ····• 
(1 - X ) 2 A 
• • ~1· 




c2 · -2 




{ . ,-----·· 





~· . - '.. - :, .. ' ·-. 
(2 
(3 
-,! .... ~ . '-. 4-, ~--- ·--- - -··-~, •. 
. 
-·-· ,---------~- -- •- ------ ---··----. ·-. ------- .··--·---- -------·-- ·------------------
(4 
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. 5I .. -·'---
- .... ; 
The solution to this integral is of· the following form: 
dx 
2 
+ bx + Cx 
1 
=----
2cx + b -Vb2 - 4ac ln 
2cx + b +Vb2 - 4ac 
= 2 Vk k2 = 2k 1 1 
... 
. -· .. - ., . -





· Equation 3 may also be used to simplify Eq. 6: 
1 - [ 
x2 ] XA - 1 - [ 
1-X 





( 1-X ) 2 
A 
ln [ 
1 - [ , 2 e 
X A 
] XA - 1 + [ 
e 
- -·--·-·-·---··..::. ·-· -- ~ 
·"' --
• •• "·•· • .c ••••• ··: ... ,.; - - • --- • -··· ~ •••• - - ..... ·-·--- -•- .... 
C t A .. 
0 
.1~., ;:.:;_· __ ... 
--, --·---- ·-· --·· ... _. ··-- .... ,_ .. 
• .. 
-1 + ( 
- - . I. - -- -
The final form of the solution is given by Eq. 10: 
p • 
' 
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·DERIVATION ·OF DIFFERENTIAL RELATIONS 
Rate 1 dn =· j - ..... 
s dt --
X 
k C MrtO (1 
The above rate equation describes the kinetics for the reac-
tion under study. It is implicitly assumed that the carbon concentra-
tion is constant and part of the rate constant,and the reaction is 
irreversible. 
useful form. 
. ' "''"'Ii However, the equation as written is not in'its most 
1 dn 1 d 
- - - --
- ; dt . [ (Wt. Pct. Mn)(Wt. Slag) (M.W. of Mn) 
-
s dt 
k [ (Wt. Pct, Mn) (&t. Slag) Jx (M.W. of Mn)(Slag Volume) 
(Wt. Slagl 
s(M.W. of Mn) 







(M.W .. of Mn)x{Slag Volume)x 
(W P Mn)x t. ct. 
.. 
,. .... . 
If the slag-metal interfacial area is considered constant, 
the above equat·ion may be further simplified: 




X · X 
= k C 2 (Wt. Pct. Mn) 
'\_.,. ·~_;·, .. 
.. · . .t'' .. 
. .. - ·~""·· 
·c.·3·· .. . . .. ·. ,. 
--~--.. - . ---- - -



































Taking the logarithm of Eq. 4: 
I . 
.; 
ln - cl+ ln [ d(Wt. Pct. Mn) dt 
X J = ln (k C 2 ) + x ln (Wt_·. Pct. Mn) (5: 
.... ·ln [ d(Wt. Pct. Mn2 dt J = ln(rate) = c3 + xln(Wt. Pct. Mn) 
(c1 , c2 , c3 _are constants) 
(6 
Equation 6 is now in a form suitable for plotting. The slope 
of the curve, x, will correspond to the order of the reaction wLth 
respect to MnO. 
; ·-=·· .. , 
.. 
~-
' )>_ • ·'' ~-
- ~ ~ -··-~ -· -A1a..a.. • ---• .- - _, ..... •"- --• -- ""'::"-'-••,;., •;" •-
. , 
... :: 
·. ·· .. 
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